C omputer-assisted navigation systems have been documented to improve the accuracy of limb alignment and implant positioning during total knee arthroplasty (TKA). [1] [2] [3] [4] [5] [6] [7] However, recent studies have reported substantial discrepancies between radiographic and navigational measurements of coronal limb alignment. 8, 9 In these studies, it was suggested that the discrepancies might be due to factors that adversely affect the accuracy of radiographic assessments, such as, the effects of weight bearing and fl exion contracture. In practice, we have also frequently observed notable discrepancies between preoperative radiographic measures and intraoperative navigational measures of coronal limb alignments during navigated TKA. Large discrepancies between preoperative radiographic and intraoperative navigational assessments of limb alignment challenge the operating surgeon as to whether to accept navigation measures and proceed or whether the information should be interpreted differently, for example, by adjusting the targeted correction angle based on the assumption that navigation system-derived data are erroneous.
To facilitate navigated surgical procedures and enable the interpretations of preoperative radiographic and intraoperative
This study was conducted (1) to document discrepancies between preoperative and postoperative radiographic measurements and postregistration and postimplantation intraoperative navigational measurements of coronal limb alignments, and (2) to identify predictors of discrepancies between radiographic and navigational measures. In addition, we propose the use of a novel radiographic measuring method, and we demonstrate that this method reduces discrepancies. For 107 total knee arthroplasties performed using a navigation system, coronal alignment were assessed using preoperative and postoperative whole limb radiographs using the standard and novel radiographic methods. During surgery, coronal limb alignment was measured using the navigation system postregistration and postprosthesis implantation. Strengths of correlations and discrepancies between radiographic and navigational assessments were compared between the standard and novel methods. Multivariate regression was performed to identify predictors of discrepancies. Differences between radiographic and navigational measurements were observed for both preoperative and postoperative assessments, but discrepancies were greater for preoperative assessments, despite their stronger correlations. Extent of preoperative varus deformity was identifi ed as the strongest predictor of discrepancy in preoperative radiographic and navigational measurements, and varus malalignment was identifi ed as the strongest predictor of discrepancy in postoperative measurements. Strengths of correlations between radiographic and navigational measurements were similar for the standard and novel radiographic methods, but discrepancies between the 2 were signifi cantly smaller for the novel method for both preoperative and postoperative assessments. The authors propose the use of the described novel radiographic method that reduces discrepancies between radiographic and navigational measurements.
navigational measures, we developed a novel means of measuring coronal limb alignment. We have found that this novel method reduces discrepancies between radiographic and navigational assessments of limb alignment. Thus, this study was conducted to document the existence of discrepancies between preoperative and postoperative radiographic assessments and postregistration and postimplantation intraoperative navigational assessments of coronal limb alignments, and to identify the predictors of discrepancies. In addition, we wanted to demonstrate that the novel radiographic measuring method reduced these discrepancies.
MATERIALS AND METHODS
A total of 107 navigated TKAs in 81 patients performed consecutively between April 2007 and February 2008 were prospectively evaluated. The underlying diagnosis was primary osteoarthritis in all patients. Patients with a history of fracture or a congenital malformation were excluded. There were 73 female patients (99 knees) and 8 male patients (8 knees). Mean patient age was 68 years (range, 52-81 years), and mean body mass index (BMI) was 26.3Ϯ3.1 kg/m 2 . Fifty-two TKAs were treated using a bilateral procedure, and 55 knees underwent unilateral surgery. This study was approved by the institutional review board of our institute, and an informed consent was obtained from all patients.
Radiographic measurements were performed using whole limb anteroposterior radiographs and PACS working software (Impax; Agfa, Antwerp, Belgium). Whole limb weight-bearing radiographs including the hip and ankle were obtained preoperatively and postoperatively (at 6 or 12 months). Great attention was paid to the use of the same protocols. Briefl y, a patient stood on both feet against a gridded 14-ϫ 51-inch cassette. A device was used to control patient location and posture. The roentgen tube was directed perpendicularly to the joint space in between the patella and femoral condyles. Coronal limb alignment was measured using the standard and the new methods. For radiographic assessments using the standard method, we measured the angle between the femoral and tibial mechanical axes ( Figures 1A, B) . The femoral mechanical axis (FMA) was defi ned as the line connecting the hip center and the top point of the femoral intercondylar notch, and the tibial mechanical axis (TMA) was defi ned as the line connecting the midpoint between the medial and lateral tibial eminences and the midpoint of the talar dome. For radiographic assessment performed using the novel method, we measured the angle between the weight loading line (WLL) and the TMA ( Figures 1C, D) . The WLL was defi ned as the line connecting the hip center and the midpoint of the talar dome. Varus alignments were given negative values. To test the intraobserver and interobserver reliabilities of the standard and novel methods, 2 investigators (B.J.C., Y.G.K.) measured 10 knees randomly selected on 2 occasions 2 weeks apart. Intraobserver and interobserver reliabilities were greater than .95 for both the standard and novel methods. One author (Y.G.K.) measured all knees.
All surgeries were performed by a single surgeon (T.K.K.) who had substantial prior experience with computer-assisted TKAs using the OrthoPilot system (Version 4.2; B. Braun Aesculap, Tuttlingen, Germany). The surgeon conducted a routine radiographic planning process before surgeries. A single prosthesis system (e.motion-PS; B. Braun Aesculap) was implanted in all knees. Surgery was performed using the medial parapatellar approach. Application of the navigation system to the surgical procedures was 
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■ Feature Article performed in accord with the manufacturer's instructions with some adjustment based on intraoperative information. All implants were fi xed with cement. During surgery, coronal limb alignment was measured using the navigation system at 2 different time points: postregistration and postimplantation.
Statistical analysis was performed using SPSS for Windows (Version 12.0; SPSS Inc, Chicago, Illinois), and P values Ͻ.05 were considered signifi cant. To investigate the strengths of correlations between radiographic and navigational measures, Pearson correlation coeffi cients (CC) were calculated for the standard and novel radiographic methods. Discrepancies between radiographic and navigational assessments were calculated by subtracting navigation values from radiographic values; thus, a negative discrepancy indicates a radiographic overestimation of varus deformity. Data are summarized as means and standard deviations (SD), ranges (minimummaximum), or discrepancy frequencies (р1Њ, 2Њ, 3Њ, and Ͼ3Њ). Summarized data were compared for preoperative and postoperative assessments and for the standard and novel methods using the paired t test for differences in the mean and using the McNemar test for differences in the frequency. In addition, to identify predictors of discrepancies, multivariate linear regression analysis was performed to investigate variables believed to infl uence assessments, namely, age, gender, height, weight, BMI, fl exion contracture, and maximum fl exion.
RESULTS
Discrepancies between radiographic and navigational measurements were found for both preoperative and postoperative assessments, but discrepancies were greater for preoperative assessments, despite the greater correlations between preoperative radiographic and navigational assessments (Table 1) . For preoperative assessments, mean mechanical axis was Ϫ13.5ЊϮ6.2Њ (range, Ϫ38Њ to Ϫ1Њ) by the standard radiographic method and Ϫ6.9ЊϮ3.8Њ (range, Ϫ19Њ to 4Њ) by navigation (PϽ.001). For postoperative assessments, mean mechanical axis was Ϫ1.6ЊϮ2.5Њ (range, Ϫ12Њ to 3Њ) by the standard radiographic method and 0.3ЊϮ1.4Њ (range, Ϫ5Њ to 3Њ) by navigation (PϽ.001). Values of Pearson CC were 0.83 for preoperative assessments and 0.26 for the postoperative assessments. Nonetheless, the mean discrepancy between radiographic and navigational assessments was greater preoperatively than postoperatively (Ϫ6.5Њ vs Ϫ2.0Њ; PϽ.001). Furthermore, knees with a discrepancy of у3Њ were more frequent preoperatively (84.1% vs 39.2%, PϽ.001).
Degrees of preoperative varus deformity and postoperative varus malalignment were identifi ed as the strongest predictors of a discrepancy between radiographic and navigational assessments for preoperative and postoperative assessments, respectively. Multivariate analysis with the stepwise method showed that preoperative mechanical axis was the only variable with statistical signifi cance (adjusted beta ϭ 0.777, PϽ.001, R 2 ϭ0.6). Similarly, postoperative mechanical axis was identifi ed as the only variable that signifi cantly predicted a discrepancy between radiographic and navigational assessments (adjusted beta ϭ 0.842, PϽ.001, R 2 ϭ0.706). The other variables entered as covariates were age, gender, height, weight, BMI, fl exion contracture, and maximum fl exion.
Strengths of correlations between radiographic and navigational assessments were similar for the standard and the novel method, but discrepancies between radiographic and navigational assessments were signifi cantly lower for the novel method for both preoperative and postoperative assessments (Table  2 ; Figures 2, 3) . Mean degree of varus deformity as determined using the novel method was lower than that determined using the standard method preoperatively (Ϫ13.5Њ vs Ϫ7.8Њ, PϽ.001) and postoperatively (Ϫ1.6Њ vs Ϫ1.0Њ, PϽ.001). Pearson's CC values were similar for the standard and novel methods for both preoperative (0.828 vs 0.831) and postoperative (0.263 vs 0.315) assessments. However, the mean discrepancy between radiographic and navigational assessments was lower for the novel 
DISCUSSION
Fundamental arguments regarding the use of navigation for TKA typically start with quoting the results of previous studies that used radiographic assessments to document the crucial role played by coronal limb alignment in function and longevity. 6, [10] [11] [12] [13] [14] [15] However, the existence of substantial discrepancies between radiographic and navigational alignment assessments undermines these basic arguments. Practically, if a large discrepancy between preoperative radiographic and navigational assessments continues to be observed after all attempts to resolve the discrepancy have been exhausted, the surgeon is faced with a dilemma regarding the veracity of navigation-based data and whether planned alignment targets should be modifi ed. This study demonstrates that substantial discrepancies do exist between radiographic and navigational assessments and that the proposed novel radiographic measuring method can reduce these discrepancies.
Furthermore, this study shows that these substantial discrepancies between radiographic and navigational assessments are greater for preoperative than postoperative assessments (6.5Њ vs 2.0Њ). In addition, the range of discrepancies for preoperative assessments was greater than for postoperative assessments, for example, the maximum discrepancies of preoperative and postoperative assessments were 19Њ and 11Њ, respectively. It was also observed that discrepancies of у3Њ were much more frequent for preoperative assessments (84% vs 39%). Our fi ndings are in accordance with a recent study in which it was reported that the difference between preoperative radiographic and navigation measurements of coronal limb alignment varied by as much as 12Њ and that the difference between postoperative radiographic and navigation measurements varied by as much as 8Њ. 9 In contrast, another recent study reported that the correlation between radiographic and navigational assessments were better for preoperative assessments than postoperative assessments. 8 Several explanations are possible as to why discrepancies between radiographic and navigational assessments occur. One concerns the effect of anesthesia, because pain relief could reduce fl exion contrac- ■ Feature Article ture by relieving the pain that adversely affects alignment assessments. It is also possible that surgical procedures, such as soft tissue release and osteophyte removal, are responsible. Perhaps the most appealing explanation concerns the effects of weight bearing, which affect radiographs but not intraoperative navigational assessments. A previous laboratory study found that weight-bearing increased varus malalignment by a mean 1.6Њ in knees with varus deformity. 16 In our study, multivariate regression analyses identifi ed the severity of preoperative varus deformity and residual postoperative varus deformity as predictors of discrepancies. This fi nding makes sense intuitively when one considers that knees with more severe varus deformity are more susceptible to the effects of weight bearing, rotational deformity, and fl exion contracture. A previous study also observed that the degrees of preoperative deformity are associated with radiographic and navigational discrepancies. 9 Initially, we derived the novel measuring method while searching radiographic ways of providing information about coronal limb alignment with regard to both the mechanical axis angle and the position of the WLL. Several investigators noted 1 important criterion in assessing coronal limb alignment is whether the WLL passes the knee center. 10, 17, 18 Our novel measuring method provides coronal alignment information in terms of both the position of WLL on the proximal tibia and the mechanical axis angle that correlates well with navigation. It is not clear how the novel method reduces discrepancies between radiographic and navigational assessments. Mathematically, the angle measured with the novel method can be calculated by subtracting the angle between the WLL and FMA from the mechanical tibiofemoral angle measured with the standard method ( Figure  4) . Therefore, our finding that the novel method reduces discrepancies between radiographic and navigational assessments indicates that the discrepancies are associated with the angle between the WLL and FMA. As the angle between the WLL and FMA is determined by the femoral length and the distance of the knee center from the WLL, this may explain why the severity of preoperative varus deformity and residual postoperative varus deformity are the predictors of discrepancies between radiographic and navigational assessments.
Several limitations of the present study should be noted. First, despite our efforts to obtain radiographs of suitable quality, the accuracies and reliabilities of radiographic assessments based on plain radiographs might have been affected by many factors, such as correct limb positioning and degrees of fl exion contracture. Second, we included only 1 navigation system, and it is possible that results are dependent on the navigation system used. Finally, this study demonstrates only the existence of discrepancies between radiographic and navigational assessments and does not address which is more representative of true alignment. As suggested in previous studies, we believe that navigational assessments are more accurate and reliable than radiographic assessments, given their inherent limitations with respect to their sensitivities to the presence of fl exion contracture and leg positioning. 8, 9 However, the validity of this assumption remains to be proven.
CONCLUSION
Our study demonstrates that substantial discrepancies exist between radiographic and navigational assessments of coronal limb alignment, and that discrepancies are greater for preoperative assessments. Furthermore, preoperative varus deformity and postoperative varus malalignment were found to be the strongest predictors for discrepancies between radiographic and navigational assessments conducted preoperatively and postoperatively, respectively. We suggest that the described radiographic measuring method can reduce discrepancies and that its use would reassure surgeons regarding the accuracy of navigation information. 
